The ®nal stage of map-based gene isolation is complementation of the mutant phenotype with wild-type DNA to determine the exact location of the gene of interest. This usually involves Agrobacterium tumefaciens-mediated transformation, which is reliable and produces stable transformants. However, the process of Agrobacterium transformation may take up to three months to complete. If the mutant phenotype can be seen in a single cell, and the wild-type copy of the gene can act cell autonomously, then complementation of the whole plant is not strictly necessary. We have developed a technique for the biolistic transformation of Arabidopsis thaliana root hairs, and used this to test large insert clones for complementation of two recessive mutant phenotypes, a procedure that takes less than a day. Our results show that biolistic transformation can be used with transient assays to conduct rapid tests for complementation by large insert clones.
Introduction
The nuclear genome sequence of the model plant Arabidopsis has been published (Arabidopsis Genome Initiative, 2000) . The major challenge now is to assign function to the genes within this sequence, many of which are novel and have no known role. The analysis of genes through mutation is one way (to which Arabidopsis is well suited) of assigning function to these novel genes. Where mutations are induced either chemically (e.g. ethyl methanesulphonate) or physically (X-ray, gamma ray, fast neutron), as opposed to T-DNA or transposon tagging, the gene must be cloned using a map-based approach. Mapbased cloning involves ®ne genetic mapping of the locus of interest, followed by complementation tests with clones spanning the region known to contain the gene. Complementation tests are routinely carried out with Agrobacterium tumefaciens-mediated transformation. Recent development of transformation vectors able to carry very large DNA inserts (Hamilton et al., 1996; Liu et al., 1999) has meant that very ®ne mapping to narrow down the region known to contain the gene, involving screening thousands of plants for recombinants, is no longer the only viable option. However, complementation testing with A. tumefaciens-mediated transformation can take up to 3 months to complete. This is very timeconsuming, as several rounds of complementation may be necessary to narrow down the region of DNA containing the gene to one open reading frame within the sequence data.
We work on genes that affect the phenotypes of root hairs. Root hairs are an increasingly important system for studying cellular development in plants. They are produced by rapid and extremely focused growth of a long, straight tube (about 15 mm wide and up to 1 mm long). Root hairs form on the surface of the root, with younger root hair initial cells towards the root tip and mature root hairs at the basal end of the root. Large collections of viable and fertile Arabidopsis root-hair mutants are available, enabling good, easy genetics (Grierson et al., 1997; Masucci and Schiefelbein, 1996; Parker et al., 2000; Pitts et al., 1998; Schiefelbein and Somerville, 1990) . At least 40
Arabidopsis genes have been identi®ed as having root-hair phenotypes when mutated (Grierson et al., 2001) . Many of these were originally identi®ed using phenotypes elsewhere in the plant. For example, mutants in the auxinsignalling genes AXR2 (Wilson et al., 1990) and AXR3 (Leyser et al., 1996) and the phytochrome gene PHYB (Reed et al., 1993) have been shown to have signi®cant root-hair phenotypes that can be used to assay for their presence and functions. A signi®cant proportion of the genes involved in auxin and ethylene signalling have now been shown to have root-hair phenotypes (Masucci and Schiefelbein, 1996; Pitts et al., 1998) . It is likely that there are many other cases where root-hair phenotypes have not been examined, but would be strong enough to use as an assay for gene isolation.
We are currently cloning the TIP1 gene using a mapbased approach. TIP1 affects cell growth throughout the plant, but the most obvious feature of TIP1 mutant seedlings is that their root hairs are short, wide and often branched (Ryan et al., 1998; Schiefelbein and Somerville, 1990 ). When we came to complementation testing for clones carrying TIP1, we invented the technique reported here in order to test whole, large-insert clones using a biolistic approach. Our hypothesis was that if a complementing clone could be introduced into a mutant root hair initial cell at the root tip, then the wild-type copy of the gene would be transiently expressed and would complement the mutation in this cell, which would go on to form a wild-type root hair. This would take less than a day to complete, greatly facilitating map-based cloning. In order to test this technique, we used the mutant rhd3-1 (Schiefelbein et al., 1993) . RHD3 was originally identi®ed from its root-hair phenotype, but is now known to affect cells throughout the plant (Wang et al., 1997) . The RHD3 gene has been sequenced (Wang et al., 1997) , enabling us to locate it to a large-insert clone for complementation testing. We went on to test large-insert clones spanning the TIP1 region for their ability to complement the tip1-2 mutant phenotype.
In order to test the transient complementation technique in cell types other than root hair cells, we attempted complementation of cla1, a chloroplast development mutant (Mandel et al., 1996) .
Here we report the biolistic complementation technique and discuss its potential.
Results

Transient expression of GFP in Arabidopsis root hairs
The Helios hand-held biolistic gene delivery system (BioRad Laboratories Ltd, Hemel-Hempstead, Herts, UK) was used initially to transform wild-type root-hair cells with a 35S:GFP (green¯uorescent protein) construct. The following conditions were found to give rise to the greatest number of GFP-expressing wild-type root hair cells: plants were shot 8 days after sowing and were covered loosely with nylon mesh before shooting. The gun was directed to the root tips at a pressure of 150 psi. These initial experiments demonstrated that young cells transformed at the root tip could go on to transiently express GFP and form a wild-type root hair.
Complementation of the rhd3-1 phenotype
The rhd3-1 mutant of Arabidopsis has root hairs that are shorter than wild type, and exhibit a wavy appearance (Schiefelbein and Somerville, 1990) (Figure 1a ,b). The RHD3 gene has been cloned (Wang et al., 1997) , and the rhd3-1 mutant and RHD3 gene provide an ideal opportunity to test the biolistic complementation system. Database searching located RHD3 within the P1 clone MCP4 (http:// www.kazusa.or.jp/arabi/). This clone was co-transformed with 35S:GFP into rhd3-1 mutant roots. Transformed root hairs¯uoresced green under UV illumination and had a wild-type phenotype against the background of rhd3-1 root hairs (Figure 1d,e) . This demonstrates the successful complementation of the rhd3-1 mutant with a transiently expressed RHD3 gene. This result also suggests that RHD3 can act cell autonomously.
Complementation of the tip1-2 phenotype
We are cloning TIP1 using a map-based approach and have mapped TIP1 to Arabidopsis chromosome 5, 8.6 cM from CSH1 and 26.1 cM from PHYC (Ryan et al., 1998) . We ®ne-mapped the TIP1 region and found markers¯anking the TIP1 locus, 0.4 and 0.8 cM from the gene (unpublished results). Two independent contigs of large-insert clones spanning the TIP1 region are available, one consisting of P1 and TAC (transformation competent arti®cial chromosome) clones (http://www.kazusa.or.jp/arabi/) and the second a BAC (bacterial arti®cial chromosome) contig (http:// www.mpimp-golm.mpg.de/101/igf_bac_cont.html).
We used the biolistic transformation technique described here to test clones from the TIP1 region for their ability to complement the tip1-2 mutant root-hair phenotype (Figure 1c) . Two overlapping clones, a TAC and a BAC, complemented the tip1-2 phenotype as cells transformed with these clones produced wild-type root hairs ( Figure  1f,g ). None of the other clones from the TIP1 region complemented the tip1-2 phenotype; root hairs transformed with these clones had a tip1-2 phenotype (e.g. Figure 1h ). This procedure took less than 24 h to complete and has located TIP1 to a clone of approximately 70 kb.
Biolistic transformation of other cell types
Figure 2(a±f) shows examples of cell types other than root hairs that were occasionally transformed during the above experiments. These included epidermal cells throughout the plant, e.g. hypocotyl (Figure 2a,b) , hypocotyl/cotlyledon junction (Figure 2b ) and trichomes (Figure 2c ). We also observed transformed cells in deeper cell layers, e.g. root cortical cells (Figure 2d±f ) and pericycle (not shown). We were unable to determine whether the tip1-2 or rhd3-1 phenotypes were complemented in any of these other cell types. This was because complementation of the tip1-2 and rhd3-1 phenotypes in cells other than root hairs is dif®cult to score. To address whether the biolistic complementation system could be used for other cell types and classes of mutants, we used an albino chloroplast development mutant, cla1 (Mandel et al., 1996) . As chlorophyll auto¯uoresces red under UV light, complementation of the cla1 phenotype should be easy to score. With a minor modi®cation of the biolistic procedure (reduced shooting pressure of 75 psi) we targeted leaf mesophyll cells in the cla1 mutant and co-transformed 35S:CLA1 cDNA with 35S:GFP. We observed cells throughout the leaf expressing GFP for up to 1 week following bombardment, but saw no evidence of complementation (Figure 2g±i) .
Discussion
We present a technique for the biolistic transformation of Arabidopsis root hairs. We successfully used this approach to complement the mutant root-hair phenotypes of two recessive Arabidopsis mutants, rhd3-1 and tip1-2, thus demonstrating the usefulness of the technique for testing large-insert clones for complementation. The candidate clone DNAs were used directly (requiring no subcloning) and the biolistic complementation tests completed in less than 24 h. This is a signi®cant improvement on A. tumefaciens-mediated transformation, where candidate DNA must ®rst be cloned into a binary vector and where the complementation tests may take up to 3 months to complete. This technique will accelerate the map-based cloning of genes that have a root-hair phenotype. This could include many genes affecting plant growth and development that have not been identi®ed as principally affecting root hairs (for reviews see Cavell and Grierson, 1999; Grierson et al., 2001) . The technique could also be utilized for determining whether genes with root-hair phenotypes can act cell autonomously, and to study gene function, protein localization and interaction in Arabidopsis root hairs.
Our results have broader implications beyond the mapbased cloning and functional analysis of genes with roothair phenotypes. We have demonstrated that whole BACs can be introduced into cells by biolistic transformation. Although whole BACs have been introduced into mammalian cells by electroporation (Hejna et al., 1998) , we are not aware of any previous examples where biolistics have been used. We have also pioneered the use of transient expression to assay for the presence of a gene on a largeinsert clone. Transient expression of small clones has been widely used (e.g. Shirasu et al., 1999 ), but we believe that this is the ®rst example using intact large-insert clones in a transient assay to complement a mutation.
We also transformed cells other than root hairs using this transformation system, e.g. hypocotyl epidermis, trichomes and root cortical cells, leading us to believe that the system may be useful for other cells throughout the plant. In order to test the transient complementation system in another cell type, we used the chloroplast development mutant cla1 (Mandel et al., 1996) . To target leaf mesophyll cells we needed only a minor modi®cation of the transformation procedure. However, we were unable to complement the cla1 phenotype using the transient complementation system. We believe this was because we may not have targeted the mesophyll cells at exactly the right developmental stage, and conditions for chloroplast development may not have been ideal. These problems might be common with development mutants, and the technique will need to be optimized for each different cell type. We think we were successful at complementing root hair phenotypes because we knew exactly at which stage to target the cells and how to grow the plants for good root-hair formation. With modi®cations, the transient complementation system will be applicable to many other plant cell types.
Biolistic transformation is known to succeed in a wide variety of plant species, including many that are not amenable to Agrobacterium-mediated transformation. Consequently, our approach is likely to work in many plant species, offering opportunities to study genes that may not be present in Arabidopsis, or may function differently in another species. We have used the technique to complement two recessive mutant phenotypes with wild-type DNA. However, it could be used in any system where the phenotype of one version of a gene is dominant over that of another, e.g. a dominant mutation over wild type. The map-based cloning and functional analysis of a large number of genes would be accelerated by using this type of approach.
In summary, our results demonstrate the principle that a biolistic approach with whole BACs and a phenotype that can be assayed in a single cell can be used to accelerate map-based cloning. This approach is extremely rapid (24 h) and eliminates the need for subcloning into transformation vectors. It could potentially apply to any gene that can be assayed in a single cell and to a large number of species, including many that are recalcitrant to Agrobacterium transformation.
Experimental procedures
Plant sources and growth conditions
Seeds of the Arabidopsis Columbia ecotype (Col-4) were obtained from the Nottingham Arabidopsis stock centre. Seeds of tip1-2 and rhd3-1 were the gifts of Liam Dolan and John Schiefelbein, respectively. cla1 seed was a gift of Luis Herrera-Estrella. Growth conditions were as described by Grierson et al. (1997) .
DNA stocks and DNA isolation
The 35S:GFP construct was obtained from the Arabidopsis Biological Resource Centre, The Ohio State University (stock CD3-326). Large-insert clones were obtained from the Mitsui Plant Biotechnology Research Institute (TAC clones) or from the Arabidopsis Biological Resource Centre, Tsukuba, Japan (P1 and BAC clones). The 35S:CLA1-cDNA clone was a gift of Luis HerreraEstrella. High-quality DNA for biolistic transformation was prepared with Qiagen Midi (Qiagen Ltd, Crawley, West Sussex, UK) or Maxi prep columns.
Biolistic transformation
Biolistic transformations were carried out with the hand-held Helios biolistic gun (Bio-Rad Laboratories Ltd, Hemel-Hempstead, Herts, UK). 1 mM gold beads (Biorad) were coated with DNA as in the manufacturer's instructions at a concentration of 1 mg DNA per shot, with a PVP concentration of 0.05 mg ml
±1
. Plants were shot 8 days after sowing, and immediately before shooting were covered loosely with nylon mesh (from a local fabric supplier) to hold them onto the plates. The gun was directed to the root tips at pressures ranging from 50 to 300 psi. After shooting, the mesh was removed, and plates were sealed and left in a vertical position overnight. The cla1 plants were observed every day for 1 week after transformation.
Visualization of transformed cells
Transformed cells were observed using a stereozoom microscope (Leica, model MZ6) with a UV light source attached (with ®lters for GFP visualization).
